Coherent decay of dressed states in Jaynes-Cummings model with a common bath 
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We propose an experimental scheme to realize the Jaynes-Cummings model where the two-level 
atom and the cavity photon share a common bath. We find that the cavity photon will have a 
dramatically slow decay rate, and the vacuum Rabi splitting in the transmission spectrum shows 
an obvious asymmetric character. These two results can be explained based on the different decay 
rates of two dressed states. Quantum coherence enhances the decay rate of one dressed state but 
suppresses the decay rate of the other. 



Introduction. — In nature, any quantum system in- 
evitably interacts with its environment [l|. In addition, 
a quantum measurement on a quantum system must in- 
troduce some measurement device Thus, to under- 
stand the fundamental concepts in quantum mechanics, 
we have to study quantum open systems. Furthermore, 
to control and manipulate an open quantum system is a 
central task in quantum information [3|-[^. 

In literature, extensive investigations on quantum open 
system have been done. In particular, a spin-boson model 
is used as a typical paradigm in studying quantum open 
system [1, 0] • In the spin-boson model, a single two- level 
spin is regarded as the system, and the environment is 
composed by many different bosonic modes. Here, we 
will investigate the atom-cavity coupled system with a 
common bath. We describe the system by the Jaynes- 
Cummings model(JCM) [sj, and aim to show how a com- 
mon bath may essentially change the properties of the 
system, particularly on the effects induced by quantum 
coherence. 

A central task in experiment is how to realize a com- 
mon bath shared by the atom and the cavity. Motivated 
by the recent experimental setting in Ref. Q, we pro- 
pose a scheme as shown in Fig. [U in which a two-level 
atom is located in a dissipative cavity, and the leaky light 
from the cavity is reflected back to interact with the atom 
by four mirrors. In our scheme, the environment is com- 
posed by the light modes in the ring cavity formed by the 
four mirrors, which is shared by the two-level atom and 
the cavity mode. When the atom is nearly resonant with 
the cavity mode, the photons emitted by the atom may 
be absorbed by the cavity mode assisted by the environ- 
ment, and vice versa. These feedback processes assisted 
by the common bath will play an important role in our 
scheme. 

Theoretically, the master equation is widely used to in- 
vestigate the non-equilibrium dynamics of the open sys- 
tem flol - [l6| . However, most of the previous investiga- 
tions in the cavity-QED system regard the cavity dis- 
sipation and the spontaneous emission of the atom as 
two independent processes. However, such treatment is 
no longer valid in our scheme because of the feedback 
processes discussed above. Hence we take into account 



FIG. 1. (Color online) The proposed experimental scheme. A 
two-level atom is located in a leaky cavity which supports a 
single mode electromagnetic field. The photons outside the 
cavity can be reflected by the mirrors and serve as a com- 
mon bath shared by the atom and the cavity. The photon 
detector(PD) is applied to detect the photons in the cavity. 



the coherence effect of the two-level atom and the cavity 
mode by reformulating the traditional master equation 
under the secular approximation , which is confirmed 
by the numerical results. 

In this letter, we focus on the effect of the coherence 
between the atom and the cavity on the dynamical evo- 
lution and the transmission spectrum of the coupled sys- 
tem. We find that both of the atom and the cavity will 
finally decay to their ground states after several cycles of 
Rabi-like oscillations in the absence of the driven field. 
The atom-cavity coherence dramatically slows down the 
decay of the system. Furthermore, in the presence of a 
classical driven field, the vacuum Rabi splitting [18 25] in 
the transmission spectrum shows an obvious asymmetric 
character. These two exotic phenomena originate from 
the fact that the quantum coherence enhances the decay 
of symmetric dressed state while suppresses the antisym- 
metric dressed state. 

Model. — We propose an experimental scheme as 
shown in Fig. [TJ A two-level atom is located in a high 
finesse cavity which supports a single mode electromag- 
netic field. The light modes in the ring cavity formed by 
four mirrors construct the common bath shared by the 
cavity mode and the two-level atom. 

The Hamiltonian of the global system can be written 



2 



as the sum of three terms: H = Hjc + Hb + Hi, where 

(la) 



Hjc ^ i^cCi^'a+'^cr^ + g{a^(7 +acr+), 



Hf 



(lb) 



i i 

The first term Hjc is the Hamiltonian of our system, 
the JCM, which describes a two-level atom interacting 
with the single mode cavity photon under the rotating 
wave approximation. In Eq. (jlap . uJc is the frequency 
of the cavity mode, a is the annihilation operator of the 
mode. The two energy levels of the atom are denoted as 
\g) and |e), and ujq is the energy difference. The Pauli 
operators are defined as Cz = |e)(e| — \g){g\, cr^ = |(?)(e|, 
and CT+ = \e){g\. 

The second term Hb describes the free terms of the 
photons in the ring cavity, which act as a bath in our 
scheme. In Eq. (jlbp . Ui is the frequency of the i-ih mode 
in the ring cavity and bi is its annihilation operator. 

The third term Hj describes the interactions between 
the system and the bath. In Eq. (ITc|) . Ki (^i) is the cou- 
pling strength between the atom (the cavity photon) and 
the i-th mode of the bath. 

Decay of a cavity photon. — To investigate the 
effect induced by the common bath, we study how a single 
cavity photon decays into the bath. In other words, when 
the initial state of the global system is |V'(0)) = ll;^) 
|0i), what is the average cavity photon number during 
the evolution of the system? 

Notice that there are two decay channels for the cavity 
photon. First, the cavity photon can directly decay into 
the bath. Second, the cavity photon can be absorbed by 
the atom, then the atom emits a photon into the bath. 
An intuitive idea is to sum the effects of the two chan- 
nels di: 

p - -i[H,p] + Ji{uj,)C[a] + J2{uJo)C[<J-], (2) 
where C[Q] — {2QpQ^ — Q^Qp~pQ^Q), and the spectrum 



functions Ji(w) and J2(w) are defined as 

Jl{uj) = TT ^ k|(5(w — iUj ) , 

j 



(3a) 
(3b) 



However, there are two important factors that are 
not taken into account in the above intuitive approach. 
Firstly, the interaction between the atom and the cav- 
ity photon leads to the dressed state of the atom and 
the cavity. The energy differences between two adjacent 
dressed states depend on the system parameters ujc, ujq 
and g. Because, in the eye of the bath, the atom and 
the cavity photon are dressed, it is not valid to consider 
the decay channel in the bare states. Secondly, because 
the cavity mode and the atom share a common bath, the 
bath photon emitted by the atom can be reabsorbed by 
the cavity, and vice versa. The feedback processes are 
completely neglected in the intuitive method. 

To take into account the above two factors, we adopt 
the picture of dressed states in the JCM. The ground 
state of Hjc is a product state \G) = \0]g) with eigen- 
energy Eq — — Wc/2. In the resonance case {ujc — wq), 
the energies for the excited states are = (n— l/2)a;c± 
g\/n, the corresponding eigen-vectors are the dressed 
states |n, ±) = {±\n;g) + \n — l;e)) /a/2, which are co- 
herent superpositions of the product states \n;g) and 
In- l;e). 



Applying the secular approximation [17[, we re-derive 
the master equation in the dressed state picture, whose 
detailed calculation is given in the supplemental mate- 
rial (27| . The master equation we obtain is 



Pcd 



-i{Ec - Ed)pcd + 



cdkl 



Pkl 



(4) 



k,l 



where |c), \d), \k), \l) are the dressed states of Hjc with 
the eigen-energies Ec, Ed, Ek and Ei respectively, pcd = 
{c\p\d) and pki = {k\p\l) are the elements of the reduced 
density matrix for the atom-cavity system. In Eq. 



7' 



cdkl 



with 



71 = - X! [jii^kn)Sdialn<^nk + J2{^^kn)5dlC'tn'^nk + V ■h{'^kn)J2{^kn)5dl {0'\n<^ nk + '^tn^'nk) (5a) 
n 

= Ji{^^kc)acka\d + 'h{^kc)cr~f^crf^ + V ■h{^kc)J2{^kc) {^ckcrf^ + (^ck^\d 



72 

73 = - ^ \jl{^ln)5ckal^and + J2{^^ln)SckCr^n^^id + V Jl{^ln)J2{^ln)5ck (aL^nd + ^tn^nd 
n 

i{ujid)acka\d + J2{(^id)(J^k'^td + \/ Ji{i^id)J2{i^id) [acka^^ + cr^k4d 



li = Ji( 



(5b) 
(5c) 



(5d) 



In Eqs. ©, 



Ei — Ej is the energy difference be- tween level i and j, and Aa/j = (q;|^|/?) is the matrix 
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element of operator A in the dressed state representation 
of the JCM. In the above equations, the terms propor- 
tional to Ji{-)J2{') represent the contribution from the 
atom-cavity coherence. 

Under the Ohmic dissipation, the spectrum functions 
Ji(cj) and J2(i^) of the bath are expressed as 

Ji (oj) = 27raiaj exp(— w/wci), (6a) 
J2{uj) ^ 27ra2UJexp{-uj/ujc2), (6b) 

where a 1(2) are the dissipation coefficients and Wci(c2) 
denote the cutoff frequencies. Solving the master equa- 
tion Eq. Q numerically, we plot the curve of the average 
photons in the cavity (a^a) as a function of the evolution 
time in Fig. [2] 




500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
t 

FIG. 2. (Color online) The average photon number in the 
cavity as a function of the evolution time t. The parameters 
are set as cJc = = 1, 5 = 0.1, ujd = 5, 01^2 = 8, ai = 0.002, 
a2 = 0.001. The cut off photon number in the numerical 
calculation is iV = 2. The initial state is \tp{0)) = |l;g)®i|Oi). 

In Fig. [21 we also plot the results given by neglecting 
the contribution from the atom-cavity coherence, the re- 
sults given by Eq. ([2]) as well as the numerical results 
which is obtained from the solution of the Schrbdinger 
equation. It is shown that, the results given by our ap- 
proach agree with the numerical results very well. Since 
we consider the case of Ohmic dissipation, Ji and J2 are 
not very sensitive to the change of the variable lo when 
uj <C a;ci(c2)- Therefore, the results given by neglecting 
the effect of the coherence nearly coincide with the results 
from Eq. ([2]). 

It is shown in Fig. [5J as expected in the region of strong 
coupling, the Rabi-like oscillation occurs in the short time 
as long as the system is prepared in the state g) ini- 
tially. Due to the dissipation, the oscillation amplitude 
decreases as the time elapses and the system will even- 
tually decay to the ground state \0;g)- Furthermore, it 
is clear that, the life time of the cavity photon becomes 
much longer than the case with independent baths. From 
the above calculations, it is the coherence between the 
atom and the cavity field that slows down the decay of 
the system dramatically. The mechanism underlying the 
dramatic slowing decay will be explained later. 



Vacuum Rabi splitting. — To further explore the ef- 
fect of a common bath, we study the transmission spec- 
trum of the system. To this aim, we drive the cavity by 
an external field. The action of the driven field on the 
cavity mode is described by 

Hdr^ven = via^ e-"^^' + ac'^^') (7) 

where rj denotes the intensity of the driven field and 
its frequency. 

The driven field induces the transition between the 
ground state and the excited states, while the dissipa- 
tion causes the excited states to decay to the ground 
state. When the evolution time is long enough, the sys- 
tem will reach a steady state. To investigate the behav- 
ior of the steady state, we eliminate the time dependence 
from the Hamiltonian through the unitary transforma- 
tion U{t) = cxp[i(a^a -I- az/2 + blbi)u!dt]. The atom- 
cavity Hamiltonian in the rotating frame becomes 

n - l^U{t)UHt) + U{t) {Hjc + Hd„ven) u\t) 
= Aifl^a H — ^"'^ + g{0'^<^^ + ac^) + ?7(a^ + a) 

(8) 

where A]^(2) — ^c{q) ~ '^p is the detuning between the 
cavity (atom) and the driven field. The last term can 
be regarded as a perturbation whenever 77 ^ LOc,ujo,g, 
i.e. weak driven field. Then the master equation can be 
written as 

J^Pad = -l{c[n,p]\d)+J2Y'''''Pkl- (9) 
k,l 

Therefore, the average photons number over the steady 
state is obtained numerically by finding the density ma- 
trix satisfying dpcd/dt = for any states |c) and \d). 
The results are shown in Fig. 3, where the average pho- 
ton number reach its peaks when the driven field is just 
resonant with the energy difference between the dressed 
states |1,±) and the ground state |G). This effect is the 
vacuum Rabi splitting. 

To our surprise, the double peaks are not symmetric 
if the atom-cavity coherence is taken into account. As 
shown in the figure, the peak corresponding to uj^ — ~ 
Eq is elevated while the peak corresponding to = E^ — 
Eq is suppressed compared with the case that neglects 
the effect of the coherence. Obviously this asymmetry 
is completely resulted from the coherence of the global 
system. 

Physical mechanism. — Now let us explain the 
above two results in terms of the decay of the dressed 
states. Both of the atom and the cavity in their ex- 
cited states will decay to their ground state due to the 
dissipation. Roughly speaking, the decay rate of the cav- 
ity mode is Ji(ajc) and the spontaneous emission rate 
of the atom is J2{ijJq). Since the two dressed states 
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-without coherence 
-traditional 



uJd — — 

LOi = E+ -Eo- 
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FIG. 3. (Color online) The steady state of the system driven 
by an external field. The parameters are set as ujq = u)a = 
1,3 = 0.1, Wci = 5,a;c2 = 8,qi = 0.002,02 = 0.001, ?7 = 
0.005. 



|1,±) = (±|1; + 10; e))/-\/2 are symmetric and antisym- 
metric superpositions of excited atom and photon states, 
their decay rate would be Fi ± — (^Z Ji(i^c) ± \A^2(wo)) 
instead of the sum of Ji(wc) and J2(wo), the crossing 
terms proportional to Ji(cJc) J2('^o) comes from the ef- 
fect of the atom-cavity coherence. Due to the coherence 
effect, the constructive interference between the atom 
channel and the cavity channel enhances the decay of 
the dressed state while the destructive interfer- 

ence suppresses the decay of the dressed state |1, — ). 





Fi± 


secular appro 


(i/Ji(a;i±,o) ± \/>^2(a;i±,o)) 


without coherence 


Ji(a;i±,o) + J2{i^i±,a) 


traditional 


Ji(ajc) -1- J2(ti^o) 



TABLE I. The decay rates of the dressed states obtained from 
dilTerent approaches. 



A more accurate result for the decay rates of the 
dressed states |1,±) which are denoted by Ti ± is shown 
in Table U where we also give the results from that ne- 
glecting the coherence effect and the results from the 
master equation Eq. ([2]). As shown in the table, it sat- 
isfies Ff^™''^'^ > F*i™ = F*i™ > Ffi™'''^ The same con- 
clusion can also be observed in Fig. HI where we plot the 
probability for the system in the symmetric and anti- 
symmetric dressed states, i.e. the time evolution of the 
diagonal elements pi+i+ and pi-i-. It is clear that the 
symmetric state |1, +) decays more faster than the anti- 
symmetry state |1, — )• Apart from the numerical results, 
an analytical result based on iteration calculations and 
the comparison between the analytical and numerical ap- 
proaches are shown in the supplemental material j27| . 

This result can be used to explain the slow decay of a 
cavity photon. Because the state of a single cavity pho- 
ton can be regarded as a coherent superposition of the 
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FIG. 4. The probability for the system in its symmetric state 
|1, and antisymmetry state [1, — ) in the absent of the ex- 
ternal driven field. The parameters are set as tJo = cJa = 1, 
g = 0.1, cjci = 5, ujc2 = 8, Qi = 0.002, 02 = 0.001. 



dressed state and ), the slow decay rate of a 

single cavity photon comes from that there is a compo- 
nent |1, — ), which has a smaller decay rate. 

Similarly, the asymmetric vacuum Rabi splitting can 
also be explained from the different decay rates of the 
states and ). Because the state |1,— ) has a 

small decay rate, the steady state will have a larger com- 
ponent. This will give a stronger signal of the average 
photon number. In contrary, the state |1, +) has a larger 
decay rate, so the steady state will have a smaller com- 
ponent and it will give a weaker signal. 

Conclusion. — We propose a scheme to realize the 
JCM with a common bath within the current experimen- 
tal capabilities. Our results demonstrate how the coher- 
ence between two coupled subsystems affects the decay 
of the global system when they share a common bath by 
a simple JCM. The destructive interference between two 
decay channels weakens the decay of the antisymmetric 
state, while the constructive interference strengthes the 
decay of the symmetric state. Therefore, the antisym- 
metric state is more robust to the environment. 

We hope the robustness of the antisymmetric state can 
be applied in quantum information process, such as the 
storage of the quantum state in quantum network. In 
addition, these common bath induced quantum coher- 
ence phenomena will promote the studies of fundamental 
problems of quantum open system. 
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